Abstract: Conspecific negative density-dependence (CNDD) is one of the main mechanisms proposed to 21 regulate species coexistence. Tropical highland forests, in contrast to diverse lowland forests, are 22 commonly dominated by a few tree species. Testing the importance of density-dependence effects on 23 seedling establishment of dominant trees may provide insights on the mechanisms regulating population 24 dynamics and forest composition of tropical highlands. We tested the importance of CNDD regulation on 25 seedling survival and recruitment of Quercus costaricensis, a monodominant oak in the Talamanca  26 highland forests of Costa Rica. We used spatial statistics and generalized linear mixed models to test the 27 effects of conspecific density, distance to the nearest adult, density of Chusquea bamboo shoots, and 28 herbivory on the annual survival probability of 3538 seedlings between 2014 and 2017. We did not find 29 any effect of CNDD on seedling survival. However, bamboo density and herbivory both significantly 30 decreased seedling survival. All seedlings had signs of herbivory and predator satiation may explain the 31 lack of density dependent regulation in this species. We argue that the lack of intraspecific density 32 regulation at the seedling stage may explain the dominance of Q. costaricensis in the highland forests of 33 Costa Rica. Local density of this endemic oak is instead regulated by herbivory and the density of 34
Introduction

38
Conspecific negative density-dependence (CNDD) reduces seedling survival and recruitment in 39 many tree species when conspecific density is high. This negative effect likely results from antagonistic 40 intra-and interspecific plant interactions, pathogens and herbivores attracted to high-density patches or 41 between Costa Rica and Panamá (Hartshorn 1983) . Fruiting is synchronous, with a supra-annual masting 92 pattern every two or more years, but flowering occurs every year between December and March 93 (Camacho Calvo and Orozco Vílchez 1998) . Acorns fall to the ground between April and October. Seeds 94 germinate after 7 days in controlled conditions, and germination success is 91% (Quirós-Quesada 1990). 95 Q. costaricensis hosts both arbuscular-and ecto-mycorrhizal fungi and seedling growth responds 96 positively to these symbionts (Holste et al. 2017) . Quercus seedlings are highly dependent on cotyledons 97 reserves during early development (Yi et al. 2015) and seed size could have a positive effect in 98 establishment success (Bonfil 1998) . 99
Seedling censuses
100
We set four 400-m 2 plots (20 x 20 m) within CMBS. Plots were placed in old growth forests 101 undisturbed for at least 30 years. Plots were subdivided into 64 (2.5 x 2.5 m) quadrats to ease seedling 102 censuses. The density of Chusquea stems varied naturally among plots (0 to 14 stems m -2 ). On February 103 2014, we mapped and tagged all Q. costaricensis seedlings (height < 2m) within each plot. We also 104 mapped and measured DBH (> 5 cm) of all adult trees within the plot and in a 10 m wide buffer area 105 around each plot. For each seedling, we measured its height, distance to the nearest conspecific adult and 106 the conspecific seedling density in a 1m radius around each seedling. We also estimated leaf damage by 107 using the qualitative index of herbivory (IH) developed by Núñez-Farfán and Dirzo (1988). For each 108 quadrat, we also counted the number of bamboo stems. 109
On May/June 2015, 2016 and 2017; we re-censused all plots and determined annual seedling 110 mortality and recruitment per quadrat. A seedling was considered dead when its stem was dry and 111 6 leafless, rotten or when missing in two consecutive censuses. Dead individuals were removed from 112 survival analyses for the following years. This oak population produced fruits in 2014 and 2016, but less 113 than 15% of adults reproduced in 2016, therefore we considered the 2014 fruiting year as the only 114 masting event during the study period. In 2014, censuses were conducted before acorns had fallen, to 115 avoid including newly germinated seedlings. In 2015, new untagged seedlings were included as the 2015 116 cohort from the 2014 masting event. These new recruits were easily identified because cotyledons were 117 attached to most seedlings, even after one year. Recruits were mapped and their height and herbivory 118 indexes were also recorded, except in those cases in which seedling leaves were not fully developed (ca. 119 1% or 15 seedlings). New recruits were included on survival analyses for the following years. Acorns 120
were not produced in 2015 therefore on the 2016 census we only recorded seedling mortality. The few 121 recruits we tallied in 2016 (55 in total) were taller than expected for new seedlings, so they were probably 122 uncounted seedlings from the previous census, thus we considered them as 2015 recruits. Only a few 123 adults reproduced in 2016 (not a masting year), thus we only recorded five new seedlings in 2017 on all 124 four plots; therefore we only analyzed recruitment success after the 2014 masting. 125
Spatial analyses
126
Both the CNDD regulation and the Janzen-Connell effect depend on seed dispersal and its 127 resulting spatial aggregation. It assumes that seedlings are spatially aggregated. We analyzed the spatial 128 distribution of seedlings in our plots using the L(t)=(K(t)/π) 0.5 transformation of the univariate Ripley's 129 (Ripley 1977) , for the 2014 seedlings. We used the R statistical language (Version 3. 2. 2; 130 Core Team 2016) for all spatial analyses (''spatstat'' library, Baddeley et al. 2016 ).
7
Survival and recruitment analyses 132 We modeled the annual probability of seedling survival for three years between 2014 and 2017, as a 133 function of initial height, intraspecific seedling density, distance to nearest conspecific adult tree, 134 herbivory, and Chusquea density using a generalized linear mixed-effects model with a binomial 135 distribution (Bolker et al. 2009 ). All variables, as well as the log-transformed seedling height, were 136 standardized and entered in the model as fixed effects. Quadrat and census year were included as random 137 effects. We also included a dummy variable (age) as a fixed factor that identified seedlings from the 2014 138 census and those recruited in 2015 to determine if newly recruited seedlings had a different survival 139 probability. A second-degree polynomial effect for distance to nearest adult conspecific was also tested. A 140 full model was built including all variables and all second order interactions. To test Janzen-Connell 141 predictions, we analyzed the effect of seedling density and distance to the nearest adult on seedling 142 herbivory (IH). We retain models that included all the variables of interest, significant interactions, and 143 significant polynomial terms (Table S1) . 144
We also analyzed seedling recruitment per quadrat to account for spatial variation in recruitment 145 within a plot. This analysis included only the 2015 data, one year after the masting event of 2014. We 146 used a GLMM with a quasi-poisson distribution to estimate the effect of seedling density (number of 147 seedlings per quadrat), conspecific tree density (number of tree trunks in a 2.5 m radius around the center 148 of the quadrat) and Chusquea density on seedling recruitment. All explanatory variables were 149 standardized to facilitate comparisons between effects. Plots were included as a random effect to account 150 
Results
153
In the 2014 census we mapped and tagged 2031 seedlings, which were spatially aggregated at all scales 154 (Fig. S1 ). Herbivory was common; over 99% of censused seedlings had some leaf damage and most 155 plants (ca. 71%) had intermediate damage (10-75%), as recorded by the Index of Herbivory (Fig. 1) . 156
Contrary to expectations of the Janzen-Connel hypothesis, herbivory decreased at higher seedling 157 densities and increased away from adults (Table S2) . 158
Annual seedling survival decreased slightly over the study period, from 73.2% in 2015 to 64.38% 159 (2016) and 63.8% (2017). Seedling height had the strongest positive effect on seedling survival, while 160 bamboo density and herbivory (IH) both reduced survival (Fig. 2) . The effect of near adults on seedling 161 survival was best described by a negative polynomial function; seedling survival was highest at 162 intermediate distances from adults (Fig. 2) . We found a significant interaction between seedling and 163
Chusquea densities: high seedling density significantly increased seedling survival at low bamboo 164 densities (<2.4 stems per m 2 ), and decreased survival at higher bamboo densities (Fig. S2 ). There were no 165 significant interactions between seedling density and herbivory, nor between herbivory and the distance to 166 the nearest adult (Table S1) . 167
In 2015 we recorded 1578 new recruits. Herbivory was on average lower in new recruits (22.9% 168 leaf damage ± 1.06) compared to seedlings from the 2014 census (43.75% leaf damage ± 0.91; t = 169 25.798, df = 2828.2, p< 0.0001; Fig.1 ). Seedling recruitment significantly increased with conspecific 170 seedling density, but the number of new recruits failed to correlate with adult density or with Chusquea 171 density (Table S1 ). Interactions between main factors (seedling, Chusquea and tree density) had no effect 172 on seedling recruitment. 
12
Chusquea spp. can also hinder the growth of ECM fungi or interfere with their root associations 244 increasing seedling mortality (Wolfe et al. 2008) . 245
In conclusion, the high density of this endemic oak tree in the Costa Rican montane forests is 246 likely the result of predator satiation and adult facilitation through ectomycorrhyzal transference from 247 nearby conspecifics, which results in an apparent absence of CNDD regulation on seedling survival and 248 establishment. Herbivory and interspecific competition with Chusquea bamboo appear to be important 249 factors controlling seedling density of this species; but neither of them were density dependent. This lack 250 of CNDD regulation concurs with expectations for dominant tropical trees (Comita et al. 2010) . 
